Introduction {#s0001}
============

Parkinson disease (PD) is a neurodegenerative disorder characterized by motor and nonmotor symptoms. Typical pathological characteristics of PD include a progressive loss of dopaminergic neurons in the substantia nigra pars compacta, and deposition of intraneuronal inclusions known as Lewy bodies.[@cit0001] Although the pathogenesis of PD has not been fully elucidated, various key intracellular processes are involved, including aggregation of misfolded protein, endoplasmic reticulum stress, mitochondrial dysfunction, calcium overload, and an imbalance between autophagy and apoptosis.[@cit0002]

Mitochondrial dysfunction has been implicated in the pathophysiology of PD.[@cit0003] Apoptosis---the most common form of programmed cell death---is closely related to mitochondrial function, because the intrinsic apoptosis pathway is linked to mitochondrial depolarization.[@cit0004] Autophagy removes damaged mitochondria to prevent apoptosis caused by mitochondrial dysfunction.[@cit0005] However, various studies have reported that the autophagy-lysosome system is impaired in postmortem PD patient tissue and PD models.[@cit0008]^,^[@cit0009] Under normal conditions, a balance exists between apoptosis and autophagy that maintains intracellular homeostasis; this balance is perturbed in neurodegenerative disorders such as PD.[@cit0010]^,^[@cit0011] Therefore, therapeutic strategies that modulate apoptosis and/or autophagy may be effective for PD treatment.

BCL2 (B cell leukemia/lymphoma 2) family proteins regulate the intrinsic apoptosis pathway by controlling mitochondrial outer membrane permeability.[@cit0012] The anti-apoptotic protein BCL2 can bind to the pro-apoptotic protein BAX (BCL2-associated X protein) or BAK1 (BCL2-antagonist/killer 1) to form heterodimers that modulate apoptosis.[@cit0013]^,^[@cit0014] BCL2 phosphorylation at Ser70 enhances binding to BAX and BAD (BCL2-associated death promoter) and is essential for its anti-apoptotic activity.[@cit0015]^,^[@cit0016] Conversely, BCL2 also regulates autophagy via interaction with BECN1/Beclin 1; moreover, BCL2 phosphorylation---including at Ser70---leads to its dissociation from BECN1 and induction of autophagy.[@cit0017] These findings suggest that BCL2 regulates the balance between apoptosis and autophagy.

Piperlongumine (PLG) is an alkaloid isolated from the long pepper *Piper longum* L. that has antiinflammatory and anticancer effects.[@cit0018]^,^[@cit0019] In previous studies, we found that *Piper longum* L. alkaloids had neuroprotective effects in models of PD induced by the neurotoxins 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, and 6-hydroxydopamine (6-OHDA) models.[@cit0020] However, it is unknown whether PLG alone has similar effects against rotenone-induced PD.

To address this issue, the present study investigated the therapeutic effects of PLG in cell and mouse models of rotenone-induced PD. We found that PLG improved cell viability and attenuated motor deficits in mice. These effects were associated with restoration of the balance between apoptosis and autophagy via increased phosphorylation of BCL2 at Ser70. Our findings suggest that PLG can be used as a therapeutic agent in the treatment of PD.

Results {#s0002}
=======

PLG rapidly crosses the blood-brain barrier and is distributed throughout the brain {#s0002-0001}
-----------------------------------------------------------------------------------

C57BL mice were orally administered PLG (4 mg/kg) and sacrificed after 15 min, 30 min, or 1, 2, 4, 8, or 24 h. Brain tissue and blood samples were collected to investigate whether PLG crosses the blood-brain barrier. Brain and plasma PLG concentrations were measured by using liquid chromatography-tandem mass spectrometry (LC-MS/MS). PLG was rapidly distributed throughout the brain, reaching a maximum level within 15 min. Interestingly, the concentration of PLG in both brain tissue and plasma increased again at 2 and 4 h, possibly due to enterohepatic circulation ([Fig. 1](#f0001){ref-type="fig"}A). To further investigate concentrations of unbound PLG in the blood, plasma protein binding ratio was determined by equilibrium dialysis. PLG concentrations were 1 and 10 μM; phaenacetin (1 μM) and warfarin (1 μM)---which have low and high binding rates, respectively---served as controls. The plasma protein binding ratio at 1 and 10 μM PLG were 83.5%± 0.83% and 85.9%± 0.49%, respectively ([Fig. 1](#f0001){ref-type="fig"}B). These findings suggest that PLG rapidly crosses the blood-brain barrier and is distributed throughout the brain tissue. Figure 1.PLG is distributed in mouse brain and reverses motor deficits induced by rotenone. (**A**) C57BL male mice (3 mo old) were orally administered PLG (4 mg/kg) and sacrificed at 15 min, 30 min, or 1, 2, 4, 8, or 24 h. PLG levels in brain tissue and blood samples were determined by LC-MS/MS. (**B**) Plasma protein binding ratio was measured by equilibrium dialysis. PLG concentrations were 1 and 10 μM; phaenacetin (1 μM) and warfarin (1 μM) were used as controls.(**C**) Male C57BL mice were orally treated with rotenone (10 mg/kg) for 6 wk followed by PLG (2 or 4 mg/kg) or [l]{.smallcaps}-dopa (20 mg/kg) for 4 wk. (**D, E**) Rotarod (**D**) and pole (**E**) tests were used to assess motor function. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001 vs. control (Con); \*\*P\<0.01 vs. rotenone (Rot) (n = 10).

PLG abrogates motor deficits and dopamine reduction in rotenone-induced PD {#s0002-0002}
--------------------------------------------------------------------------

The protective effects of PLG on rotenone-induced PD were examined in C57BL mice that were orally administered rotenone (10 mg/kg) for 6 wk. After administration with rotenone, mice in the treatment groups received PLG (2 or 4 mg/kg) for 4 wk, and the positive control group received [l]{.smallcaps}-dopa (20 mg/kg)---which is converted into dopamine in the brain[@cit0023]---for 4 wk ([Fig. 1](#f0001){ref-type="fig"}C). Motor behavior was evaluated with the rotarod and pole tests. In the former, mice in the rotenone group spent less time on the rod than controls, whereas PLG and [l]{.smallcaps}-dopa treatment prolonged their duration on the rod ([Fig. 1](#f0001){ref-type="fig"}D). Similarly, in the pole test, PLG and L-dopa shortened the time that rotenone-treated mice spent on the pole ([Fig. 1](#f0001){ref-type="fig"}E). These results indicate that PLG administration attenuates rotenone-induced motor deficits.

To investigate the effects of PLG on dopaminergic neurons, sections from the striatum and midbrain were examined for expression of TH (tyrosine hydroxylase)---an enzyme involved in dopamine production---by immunohistochemistry. We found that the number of TH-positive neurons in the midbrain and TH-positive fibers in the striatum were decreased by rotenone treatment. This was reversed by administration of 2 or 4 mg/kg PLG ([Fig. 2](#f0002){ref-type="fig"}A--C). A western blot analysis confirmed that PLG blocked the rotenone-induced decrease in TH level in both brain areas ([Fig. 2](#f0002){ref-type="fig"}D--F). Furthermore, while dopamine level was decreased in the striatum of the rotenone group as determined by high-performance liquid chromatography (HPLC), PLG treatment abrogated this effect ([Fig. 2](#f0002){ref-type="fig"}G). We also found that PLG exerted a protective effect on mitochondrial complex I, the activity of which was decreased by rotenone ([Fig. 2](#f0002){ref-type="fig"}H). These findings suggest that PLG abolishes rotenone-induced motor deficits by preventing the loss of TH-positive neurons and fibers as well as the decrease in dopamine level. Figure 2.PLG restores TH expression in a mouse model of rotenone-induced PD. C57BL mice were treated with rotenone (10 mg/kg) for 6 wk followed by PLG (2 or 4 mg/kg) or [l]{.smallcaps}-dopa (20 mg/kg) for 4 wk. (**A**) TH (tyrosine hydroxylase) expression in the midbrain and striatum was assessed by immunohistochemistry. Scale bar: 500 μm. (**B, C**) Quantitative analysis of TH-positive neurons in the striatum (**B**) and midbrain (**C**). (**D**) TH expression in the midbrain and striatum was determined by western blotting. (**E, F**) Quantitative analysis of TH expression in the striatum (**E**) and midbrain (**F**). (**G**) Dopamine (DA) content in the striatum was assessed by HPLC. (**H**) Activity of mitochondrial complex I in the midbrain. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001 vs. control (Con); \*\*P\<0.01 vs. rotenone (Rot) (n = 5).

PLG improves cell viability by preventing rotenone-induced mitochondrial dysfunction {#s0002-0003}
------------------------------------------------------------------------------------

To investigate the mechanism underlying the protective effects of PLG, we evaluated cell viability and cytotoxicity with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and LDH (lactate dehydrogenase) assays, respectively. We found that cell viability was reduced and cytotoxicity was enhanced in SK-N-SH cells by treatment with rotenone (100 nM) for 24 h; however, PLG (0.1--2.5 μM) partly abrogated these effects ([Fig. 3](#f0003){ref-type="fig"}A,B). We also examined the role of the time of PLG administration (0--6 h after rotenone treatment and cotreated cells for 24 h) in this effect and found that PLG induced the most potent changes when administered 0--2 h after rotenone, and was ineffectual when administered at 4--6 h ([Fig. 3](#f0003){ref-type="fig"}C,D). Based on these results, 0.1 μM PLG was administered 2 h after rotenone treatment in subsequent experiments. Under these conditions, cell injury induced by rotenone was reduced in primary neurons ([Fig. 3](#f0003){ref-type="fig"}E,F), whereas the rate of cell death was also suppressed relative to the rotenone-only group, as determined by propidium iodide (PI)-Hoechst staining ([Fig. 2](#f0002){ref-type="fig"}G--J). Figure 3.PLG enhances cell viability and reduces cytotoxicity induced by rotenone. (**A, B**) SK-N-SH cells were cotreated with rotenone and PLG at concentrations of 0.1, 0.5, and 2.5 μM, and cell viability and cytotoxicity were evaluated with the MTT and LDH assays, respectively, to determine optical PLG concentration. Cells were also treated with PLG alone at 0.1, 0.5, and 2.5 μM and the side effects were evaluated. (**C, D**) SK-N-SH cells were treated with rotenone and PLG was added 0, 1, 2, 4, and 6 h later for 24 h; cell viability and cytotoxicity were evaluated with the MTT and LDH assays to determine optical PLG treatment time. (**E, F**) Cell viability and cytotoxicity were detected in primary neurons with the MTT (**E**) and LDH (**F**) assays. (**G, I**) Cell death in SK-N-SH cells (**G**) and primary neurons (**I**) was detected by PI (red) and Hoechst 33342 (blue) staining. CoQ10 (10 μM for 12 h), a component of the mitochondrial respiratory chain, served as a positive control. (**H, J**) Cell death rates were quantified in SK-N-SH cells (**H**) and primary neurons (**J**). Bar: 100 μm. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001 vs. control (Con); \*\*P\<0.01 vs. rotenone (Rot) (n = 3).

Because mitochondrial dysfunction---including the loss of mitochondrial membrane potential (MMP)---plays an important role in PD, we investigated whether PLG exerts protective effects on mitochondria. MMP was evaluated with the cationic dye 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1). PLG reversed the rotenone-induced loss of MMP, which was similar to the effect of the positive control coenzyme Q~10~ (CoQ~10~; 10 μM for 12 h), which is an essential component of the mitochondrial respiratory chain ([Fig. 4](#f0004){ref-type="fig"}A--D).[@cit0024] Because mitochondrial permeability transition pore (mPTP) dysfunction is closely linked to loss of MMP, we assessed the opening of the mPTP with calcein-AM and CoCl~2~. PLG blocked mPTP opening, as did the positive control cyclosporine A (CsA; 100 nM for 24 h), an inhibitor of mPTP ([Fig. 4](#f0004){ref-type="fig"}E--H).[@cit0025] We also found that PLG preserved the activity of mitochondrial complex I in the presence of rotenone ([Fig. 4](#f0004){ref-type="fig"}I,J). Finally, we tested the 50% effective dose (ED50) of PLG in primary neurons based on the preservation of mitochondrial integrity, in order to investigate whether ED50 in vitro assays correlate with brain exprosure in mice. Primary neurons were treated with rotenone, and administrated with different concentration of PLG (from 10^−11^ to10^−3^ mol) for 24 h; we detected MMP and calculated the EC50 of PLG. The results showed that rotenone treatment obviously decreased MMP ([Fig. 4](#f0004){ref-type="fig"}K), and the EC50 of PLG in primary neurons was 10^−7.823^ mol based on MMP ([Fig. 4](#f0004){ref-type="fig"}L). This value was roughly correlated with the concentration used in vitro and brain exposure in vivo. These results indicate that PLG protects against rotenone-induced mitochondrial dysfunction. Figure 4.PLG reverses the decreases in mitochondrial complex I activity and MMP and blocks mPTP opening induced by rotenone. SK-N-SH cells and rat primary neurons were treated with rotenone; 2 h later, PLG was added at a concentration of 0.1 μM for 24 h. (**A, C**) MMP was assessed using JC-1 staining in SK-N-SH cells (**A**) and primary neurons (**C**). Coenzyme Q10 (CoQ10, 10 μM for 12 h), a component of the mitochondrial respiratory chain, served as a positive control. (**B, D**) Quantitative analysis of fluorescence intensity in SK-N-SH cells (B) and primary neurons (**D**). (**E, G)** mPTP opening was assessed by calcein-AM staining in SK-N-SH cells (**E**) and primary neurons (**G**). Cyclosporine A (CsA, 100 nM for 24 h), an mPTP inhibitor, served as a positive control. (**F, H**) Quantitative analysis of fluorescence intensity in SK-N-SH cells (**F**) and primary neurons (**H**). (**I, J**) Mitochondrial complex I activity was detected in SK-N-SH cells (**I**) and primary neurons (**J**). (**K, L**) ED50 of PLG in primary neurons. Primary neurons were treated with rotenone followed by different concentration of PLG (10^−11^ to 10^−3^ mol) for 24 h. The ED50 of PLG was calculated based on MMP. Bar: 100 μm. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001 vs. control (Con); \*\*P\<0.01 vs. rotenone (Rot) (n = 3).

PLG induces autophagy by promoting the dissociation of the BCL2-BECN1 complex {#s0002-0004}
-----------------------------------------------------------------------------

Autophagy is a cellular mechanism for eliminating damaged organelles, including mitochondria. To investigate the effects of PLG on autophagy, we measured the conversion of microtubule-associated protein 1 light chain 3 beta-I/LC3B-I to LC3B-II by western blotting. The conversion of LC3B-I to LC3B-II increased after cotreatment with PLG and rotenone as compared to the rotenone-only group, indicating that autophagy was induced. Treatment with rapamycin (Rap; 40 nM for 6 h), as an autophagy agonist, also increased the conversion of LC3B-I to LC3B-II relative to the control group, whereas PLG alone had no effect ([Fig. 5](#f0005){ref-type="fig"}A,B,D,E,Fig. S1). To further investigate the effects of PLG on autophagy, we measured the level of the autophagy receptor SQSTM1 by western blotting. Administration of PLG and Rap along with rotenone decreased SQSTM1 expression, indicating that the level of autophagy increased. In contrast, no difference was observed in the PLG-only group ([Fig. 5](#f0005){ref-type="fig"}A,C,D,F). To investigate autophagy more comprehensively, cells were treated with bafilomycin A~1~ (BafA1), a vacuolar-type H^+^-translocating ATPase inhibitor (100 nM for 6 h), and LC3 and SQSTM1 levels were examined. The conversion of LC3B-I to LC3B-II and SQSTM1 expression were increased by lysosome inhibition in cells treated with PLG or Rap along with rotenone, indicating that autophagy was induced following PLG treatment ([Fig. 5](#f0005){ref-type="fig"}). Figure 5.PLG stimulates autophagy in cells treated with rotenone. SK-N-SH cells and rat primary neurons were treated with rotenone; after 2 h, PLG was added at a concentration of 0.1 μM for 24 h. Rapamycin (Rap; 40 nM for 6 h), an autophagy agonist, served as a positive control. (**A**) Western blot analysis of LC3B-II and SQSTM1 levels as measures of autophagy induction in the presence of functional or dysfunctional lysosomes (bafilomycin A~1~\[BafA1, 100nM for 6h\])in SK-N-SH cells. (**B, C**) Quantification of LC3B-II (**B**) and SQSTM1 (**C**) in SK-N-SH cells. (**D**) Western blot analysis of LC3B-II and SQSTM1 levels as measures of autophagy induction in the presence of functional or dysfunctional lysosomes (BafA1, 100 nM for 6 h) in primary neurons (**D**). (**E, F**) Quantification of LC3B-II (**E**) and SQSTM1 (**F**) in primary neurons. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#^P\<0.01 vs. control (Con); \*\*P\<0.01 vs. rotenone (Rot) or rotenone co-treated with BafA1 (Rot+BafA1)(n = 3).

Cells were transfected with a tandem monomeric red fluorescent protein (mRFP)-green fluorescent protein (GFP)-LC3 virus to estimate the level of autophagy. We found that the numbers of puncta corresponding to autophagosomes and LC3-positive autolysosomes were increased after PLG treatment as compared with the rotenone-only and control groups ([Fig. 6](#f0006){ref-type="fig"}A,B,E,F). Immunofluorescence analysis revealed many SQSTM1 inclusions in cells in the PLG and rotenone cotreatment groups, confirming that PLG induced autophagy ([Fig. 6](#f0006){ref-type="fig"}C,G). The phosphatidylinositol 3-kinase (PtdIns3K) complex---which includes BECN1, ATG14, PIK3C3/VPS34, and PIK3R4/VPS15---is important for autophagic phagophore assembly and recruitment of accessory proteins. PtdIns3K complex activity is reflected by the localization of ZFYVE1/DFCP1 (zinc finger, FYVE domain containing 1), a PtdIns3K product (phosphatidylinositol-3-phosphate \[PtdIns3P\])-binding protein that is recruited to the complex to form the omegasome.[@cit0026] WIPI2 (WD repeat domain, phosphoinositide interacting 2) is similarly recruited and in turn recruits the ATG12--ATG5-ATG16L1 complex, which is involved in LC3 lipidation. Here, we analyzed ZFYVE1 and WIPI2 localization to investigate omegasome formation. Numerous ZFYVE1 and WIPI2 puncta were observed in the PLG and rotenone cotreated group, indicating that PLG promotes omegasome formation ([Fig. 6](#f0006){ref-type="fig"}D,H,I). Figure 6.PLG induces autophagy by increasing PtdIns3K complex activity. SK-N-SH cells and rat primary neurons were treated with rotenone. PLG was added 2 h later at 0.1 μM for 24 h. Rapamycin (Rap; 40 nM for 6 h), an autophagy agonist, served as a positive control. (**A, B**) Autophagy evaluated by counting fluorescent LC3 puncta in SK-N-SH cells (**A**) and primary neurons (**B**). (**C**)Immunofluorescence analysis of SQSTM1 to evaluate autophagy in primary neurons. Nuclei were counterstained with DAPI. (**D**) Transfection of GFP-ZFYVE1 plasmid and immunofluorescence detection of WIPI2 to evaluate PtdIns3K complex activity in primary neurons. Nuclei were counterstained with DAPI. (**E, F**) Quantification of LC3 puncta in SK-N-SH cells (**E**) and primary neurons (**F**). (**G**) Quantification of SQSTM1 puncta in primary neurons. (**H, I**) Quantification of WIPI2 (**H**) and ZFYVE1 (**I**) puncte in primary neurons. Bar: 25 μm (**A, B**) and 10μm (**C, D**). Data are expressed as the mean ± SD (one-way analysis of variance). \#\#\#P\<0.001 vs. control (Con), \*\*\*P\<0.001 vs. rotenone (Rot) (n = 3).

To investigate whether autophagy was related to the clearance of damaged mitochondria, we examined the colocalization of mitochondria and LC3 by immunocytochemistry. In the rotenone and PLG cotreated group, LC3 and mitochondria were partly colocalized, indicating that autophagy induced by PLG may eliminate damaged mitochondria ([Fig. 7](#f0007){ref-type="fig"}A).We used a live-cell imaging system to observe the clearance of mitochondria-LC3 puncta. The colocalization of mitochondria and LC3 decreased over time, indicating that damaged mitochondria were cleared through the autophagy pathway ([Fig. 7](#f0007){ref-type="fig"}B). We also analyzed the degradation of mitochondrial protein by western blotting; we did not observe decreases in the mitochondrial protein COX4I1/COX IV (cytochrome c oxidase subunit 4I1), which may be because mitochondria normally undergo frequent fusion and fission resulting in substantial turnover of this, and other, proteins ([Fig. 7](#f0007){ref-type="fig"}C,D). Figure 7.PLG promotes the clearance of damaged mitochondria by inducing autophagy. SK-N-SH cells were treated with rotenone; 2 h later, PLG (0.1 μM) was added for 24 h. Rapamycin (Rap; 40 nM for 6 h), an autophagy agonist, served as a positive control. (**A**) Mitochondria were labeled with MitoTracker Red, and LC3B was detected by immunofluorescence (green). Nuclei were detected by Hoechst staining (blue) to observe the colocalization of mitochondria and LC3. (**B**) The clearance of mitochondria-LC3 puncta was observed by live cell imaging. White arrows are colocalization of mitochondria and LC3. (**C**) The expression level of the mitochondrial protein COX4I1 in SK-N-SH cells was detected by western blotting. (**D**) Quantification of COX4I1 level in SK-N-SH cells. Bar: 25 μm (**A**) and 10 μm (**B**); control (Con); rotenone (Rot) (n = 3).

It has been reported that PLG analogs activate the transcription factor NFE2L2/NRF2 (nuclear factor, erythroid derived 2, like 2),[@cit0027] which transactivates autophagy-related genes;[@cit0028] we therefore investigated whether NFE2L2 is involved in the PLG-induced autophagy pathway by knocking down NFE2L2 expression using 3 short hairpin RNAs (sh*NFE2L2*-766, sh*NFE2L2*-934, and sh*NFE2L2*-1345) in cells cotreated with rotenone and PLG (Fig. S2A,B). NFE2L2 knockdown had no effect on PLG-induced autophagy, indicating that NFE2L2 was not involved in this process (Fig. S2C).

BECN1, a component of the PtdIns3K complex, is required for autophagy initiation; however, BECN1 also binds to BCL2 to form a BCL2-BECN1 heterodimer, which inhibits autophagy. We investigated whether PLG acts by modulating the activities of BECN1 and BCL2 and found that a smaller amount of BECN1 co-immunoprecipitated with BCL2 after PLG and rotenone cotreatment as compared to control and rotenone groups. Interestingly, PLG failed to induce this dissociation in the presence of ABT-199 (100 nM for 24 h), a specific inhibitor of BCL2 ([Fig. 8](#f0008){ref-type="fig"}).[@cit0029] These findings indicate that PLG promotes the dissociation of the BCL2-BECN1 heterodimer and thereby activates autophagy. Figure 8.PLG promotes the dissociation of BCL2 and BECN1. SK-N-SH cells and rat primary neurons were treated with rotenone; 2 h later, PLG was added at a concentration of 0.1 μM for 24 h. ABT199 (100 nM for 24 h), a BCL2 inhibitor, abolished the effects of PLG on BCL2 and BECN1 dissociation. (**A**) Protein samples from SK-N-SH cells and primary cultured neurons used as input in the experiment described in panels (**B--E**). (**B--E**) Interaction of BCL2 and BECN1 detected by immunoprecipitation with antibodies against BECN1 (**C, E**) and BCL2 (**B, D**) in SK-N-SH cell (**B, C**) and primary neurons (**D, E**). Control (Con); rotenone (Rot) (n = 3).

PLG exerts anti-apoptotic effects by stabilizing the BCL2-BAX heterodimer {#s0002-0005}
-------------------------------------------------------------------------

Phosphorylation of BCL2 at Ser70 leads to the dissociation of the BCL2-BECN1 complex;[@cit0017] we therefore investigated the effects of PLG on BCL2 phosphorylation. BCL2 Ser70 phosphorylation was increased by PLG treatment, an effect that was reversed by the BCL2 inhibitor ABT-199; paclitaxel (25 nM for 18 h) served as a positive control, which could induce BCL2 phosphorylation at Ser70 ([Fig. 9](#f0009){ref-type="fig"}A--C).[@cit0015] BCL2 phosphorylation at Ser70 site also increases its anti-apoptotic activity by enhancing binding to BAX or BAK1.[@cit0015]^,^[@cit0030] Based on these observations, we measured the interaction between BCL2/phospho-BCL2 and BAX by co-immunoprecipitation. Both BCL2 and phospho-BCL2 interacted with BAX in the control group; rotenone treatment abolished this interaction, but the effect was reversed by PLG treatment, indicating that PLG exerts protection by stabilizing the BCL2-BAX heterodimer ([Fig. 9](#f0009){ref-type="fig"}D--G, S3). Figure 9.PLG promotes BCL2 phosphorylation at Ser70 and the interaction between BCL2 and BAX. SK-N-SH cells and rat primary neurons were treated with rotenone; after 2 h, PLG (0.1 μM) was added for 24 h. ABT199 (100 nM for 24 h), an inhibitor of BCL2, abolished the effects of PLG on the dissociation of BCL2 and BECN1. Paclitaxel (PTX, 25 mM for 16 h) was used as a positive control for BCL2 phosphorylation at Ser70. (**A**) Protein samples from SK-N-SH cells and primary cultured neurons used for immunoprecipitation and western blot analysis of phospho-BCL2 (Ser70). (**B, C**) Quantification of phospho-BCL2:BCL2 in SK-N-SH cells (**B**) and primary neurons (**C**). (**D--G**) Interaction of BCL2 and BAX detected by immunoprecipitation with antibodies against BCL2 (**D, E**) and BAX (**F, G**) in SK-N-SH cells (**D, F**) and primary neurons (**E, G**). Data are expressed as mean ± SD (one-way analysis of variance). Control (Con); \*P\<0.05, \*\*\*P\<0.001, \*\*\*\*P\<0.0001 vs. rotenone (Rot) (n = 3).

Our results showed that PLG treatment promoted autophagy and inhibited apoptosis by increasing BCL2 phosphorylation at Ser70, although the underlying mechanisms remain unclear. A previous study showed that MAPK/JNK (mitogen-activated protein kinase) mediates BCL2 phosphorylation;[@cit0017] we therefore investigated whether PLG can modulate MAPK/JNK activity following rotenone treatment. MAPK8/JNK1 activity was measured by evaluating the phosphorylation of MAPK8 at Thr183 and Tyr185. MAPK8 was not activated in the control group; however, rotenone treatment caused a slight increase MAPK8 activity, whereas PLG or rapamycin treatment following rotenone markedly enhanced MAPK8 activation in both SK-N-SH cells and primary neurons ([Fig. 10](#f0010){ref-type="fig"}A,B,D,E). These changes in MAPK8 activity were correlated with BCL2 phosphorylation level ([Fig. 10](#f0010){ref-type="fig"}A,B,C,F), suggesting that PLG induces BCL2 phosphorylation at the Ser70 site via activation of MAPK8 signaling. Figure 10.PLG increases BCL2 phosphorylation by activating MAPK8. SK-N-SH cells and rat primary neurons were treated with rotenone; 2 h later, PLG (0.1 μM) was added for 24 h. Rapamycin (Rap; 40 nM for 6 h), an autophagy agonist, served as a positive control. (**A, D**) Western blot analysis of phospho-MAPK8 and phospho-BCL2 levels in SK-N-SH cells (**A**) and rat primary neurons (**D**). (**B, E**) Quantification of phospho-BCL2:BCL2 levels in SK-N-SH cells (**B**) and rat primary neurons (**E**). (**C, F**) Quantification of phospho-MAPK8:MAPK8 levels in SK-N-SH cells (**C**) and rat primary neurons (**F**). Data are expressed as mean ± SD (one-way analysis of variance). \#\# P\<0.01, \#\#\#\#P\<0.0001 vs. control (Con).\*\*\*\*P\<0.0001 vs. rotenone (Rot) (n = 3).

To determine whether this is the mechanistic basis for the apoptosis-inhibiting effect of PLG, we evaluated the activities of CASP3/caspase-3 and CASP9, which are regulators of both intrinsic and extrinsic (CASP3) or intrinsic (CASP9) apoptosis pathways. CASP3 and CASP9 were activated by rotenone treatment, which was abrogated by PLG ([Fig. 11](#f0011){ref-type="fig"}A--D). The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay also showed that PLG blocked the rotenone-induced increase in apoptosis ([Fig. 11](#f0011){ref-type="fig"}E, F). ANXA5/annexinV-fluorescein isothiocyanate (FITC)-PI staining confirmed that PLG treatment abrogated rotenone-induced apoptosis ([Fig. 11](#f0011){ref-type="fig"}G, H). Thus, PLG suppresses apoptosis induced by rotenone by stabilizing the BCL2-BAX heterodimer. Figure 11.PLG inhibits caspase-dependent apoptosis induced by rotenone. SK-N-SH cells and rat primary neurons were treated with rotenone; 2 h later, PLG (0.1 μM) was added for 24 h. (**A--D**) CASP3 (**A, C**) and CASP9 (**B, D**) activity were detected to assess apoptosis in SK-N-SH cells (**A, B**) and primary neurons (**C, D**). (**E, F**) Apoptotic cells detected with the TUNEL assay; nuclei were counterstained with DAPI. (**G**) ANXA5 (A)-FITC-PI-stained SK-N-SH cells were detected by flow cytometry to assess apoptosis. (**H**) Quantification of the apoptosis ratio in SK-N-SH cells. Bar: 50 μm. Data are expressed as mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001, ^\#\#\#\#^P\<0.0001 vs. control (Con); \*\*P\<0.01, \*\*\*P\<0.001 vs. rotenone (Rot) (n = 3).

PLG induces autophagy and suppresses apoptosis by enhancing BCL2 phosphorylation at Ser70 in a mouse model of rotenone-induced PD {#s0002-0006}
---------------------------------------------------------------------------------------------------------------------------------

We found that PLG induced autophagy and suppressed apoptosis in rotenone-treated cells by increasing phosphorylation of BCL2 at Ser70. To confirm this finding in vivo, we evaluated the level of BCL2 Ser70 phosphorylation in mouse midbrain. BCL2 Ser70 phosphorylation was increased in the 2 and 4 mg/kg PLG groups relative to rotenone-only or control mice, which was correlated with MAPK8 activation ([Fig. 12](#f0012){ref-type="fig"}A,C,D). PLG also strongly induced autophagy, as evidenced by the conversion of LC3B-I to LC3B-II ([Fig. 12](#f0012){ref-type="fig"}B); this induction was likely related to the dissociation of BCL2 and BECN1 ([Fig. 12](#f0012){ref-type="fig"}D,E). Moreover, the interaction of BCL2 and BAX was increased in the presence of PLG ([Fig. 12](#f0012){ref-type="fig"}F,G), whereas the activation of CASP3 and CASP9 by rotenone was suppressed ([Fig. 12](#f0012){ref-type="fig"}H,I), consistent with the in vitro findings. These results demonstrate that PLG promotes BCL2 phosphorylation at Ser70 by activating MAPK8 signaling, which not only induces autophagy by promoting the dissociation of BCL2 and BECN1, but also suppresses apoptosis by stabilizing the BCL2 and BAX heterodimer ([Fig. 13](#f0013){ref-type="fig"}). Figure 12.PLG induces autophagy and inhibits apoptosis by phosphorylating BCL2 at Ser70via MAPK8 activation. C57BL mice were treated with rotenone (10 mg/kg) for 6 wk followed by PLG (2 or 4 mg/kg) or [l]{.smallcaps}-dopa (20 mg/kg) for 4 wk. (**A**) Protein samples from the midbrain were used for immunoprecipitation and western blot analyses of phospho-BCL2 (Ser70) level, phospho-MAPK8 and LC3. (**B, C**) Quantification of LC3B-I to LC3B-II conversion (**B**), phospho-BCL2:BCL2 level (**C**) and phospho-MAPK8:MAPK8 level (**D**) in the midbrain. (**E, F**) Interaction of BCL2 and BECN1 detected by immunoprecipitation with antibodies against BECN1 (**E**) and BCL2 (**F**). (**G, H**) Interaction of BCL2 and BAX detected by immunoprecipitation with antibodies against BCL2 (**G**) and BAX (**H**). (**I, J**) CASP3 (**I**) and CASP9 (**J**) activities. Data are expressed as the mean ± SD (one-way analysis of variance). ^\#\#\#^P\<0.001 vs. control (Con); \*\*P\<0.01, \*\*\*P\<0.001 vs. rotenone (Rot) (n = 3). Figure 13.PLG restores the balance between apoptosis and autophagy by promoting BCL2 phosphorylation at Ser70. Rotenone induces mitochondrial damage by promoting the opening of mPTP, leading to CYCS/cytochrome C release, caspase activation, and apoptosis. PLG treatment promotes BCL2 phosphorylation at Ser70, which induces autophagy by blocking the interaction between BECN1 and BCL2 and also inhibit apoptosis by enhancing the interaction between BCL2 and BAX.

Discussion {#s0003}
==========

Our previous study confirmed that treatment with *Piper longum* L. alkaloids, including PLG, has protective effects in rotenone-induced PD models that involve blocking mPTP opening and apoptosis, although the underlying mechanism was previously unknown. We showed here that PLG exerts protective effects by inducing BCL2 phosphorylation at Ser70 via MAPK8 activation, which resulted in the dissociation of BCL2 and BECN1 and the stabilization of the BCL2 and BAX heterodimer, consequently enhancing autophagy and inhibiting apoptosis.

PD is the second most common neurodegenerative disease. An imbalance between autophagy and apoptosis is thought to contribute to PD pathogenesis; restoring this balance may therefore be a potential treatment strategy.[@cit0010] The PtdIns3K complex is essential for omegasome formation and autophagy induction. In the present work, we found that PLG increased the activity of the PtdIns3K complex by increasing BCL2 phosphorylation at Ser70 via MAPK8 activation, which induced its dissociation from BECN1, a component of the PtdIns3K complex. Moreover, BCL2 Ser70 phosphorylation also increased the affinity between BCL2 and BAX, which may further inhibit apoptosis. Thus, PLG restores the balance between apoptosis and autophagy by modulating BCL2 phosphorylation at Ser70.

PLG is considered as an antitumor agent that selectively targets cancer cells.[@cit0019]^,^[@cit0031] However, few studies have investigated the effects of PLG in neurodegenerative disease. The present study showed that PLG has neuroprotective effects in PD, albeit at a different concentration than that used for cancer treatment. PLG promotes tumor cell apoptosis at concentrations of 5 and 10 μM; this is much higher than the concentration that was shown to inhibit apoptosis in our model (0.1 μM). It has also been reported that 10 μM PLG promotes autophagy via inhibition of MTOR (mechanistic target of rapamycin \[serine/threonine kinase\])-AKT signaling or activation of the MAPK/p38 signaling pathway.[@cit0032]^,^[@cit0033] In our study, treatment with 0.1 μM PLG induced autophagy by causing the dissociation of BCL2 and BECN1. This is consistent with the observation that phosphorylation of BCL2 at Ser70 not only induces autophagy by promoting dissociation of BCL2 and BECN1, but also inhibits apoptosis by enhancing BCL2 activity.[@cit0016]^,^[@cit0017] Although PLG analogs were found to activate NFE2L2 signaling and modulate autophagy genes, in this study, NFE2L2 knockdown had no effect on PLG-induced autophagy, suggesting that NFE2L2 signaling is not involved in this process. Thus, PLG is not only a potential anticancer agent but also one that can provide neuroprotection; moreover, therapeutic strategies that modulate BCL2 phosphorylation may be effective for the treatment of neurodegenerative diseases such as PD in which the balance between apoptosis and autophagy is perturbed.

[l]{.smallcaps}-Dopa---a dopamine replacement drug---is the most common and effective approach for the treatment of PD, although it has some long-term side effects including the deterioration of motor function.[@cit0034] These serious side effects limit the clinical use of [l]{.smallcaps}-dopa, which makes the development of novel therapeutic strategies for PD treatment all the more urgent. Many Chinese medicines exert neuroprotective effects and are effective in modulating apoptosis and autophagy. Resveratrol also alleviates motor impairment in MPTP-rotenone-6-OHDA-induced PD models by inducing autophagy or suppressing inflammation.[@cit0035] Piperine is used in Chinese medicine for its anti-inflammatory and -apoptotic properties;[@cit0038] we previously showed that it has anti-apoptotic and autophagy-inducing effects when combined with PLG. Here, we show that PLG by itself had similar effects.

In conclusion, we found PLG alleviated motor impairment and loss of midbrain dopaminergic neurons induced by rotenone treatment in a mouse model of PD. PLG also improved cell viability and suppressed cytotoxicity caused by rotenone. These protective effects involved inhibition of apoptosis and induction of autophagy by increased phosphorylation of BCL2 at Ser70 via MAPK8/JNK1 activation. Our findings indicate that restoring the balance between apoptosis and autophagy by targeting BCL2 may be an effective treatment for PD.

Materials and methods {#s0004}
=====================

Animals {#s0004-0001}
-------

C57BL male mice (3 mo old) were purchased from Vital River Laboratories (Beijing, China) and housed at room temperature (22°C--25°C) under a 12:12 h light/dark cycle. Animal experiments conformed to the National Institutes of Health (NIH; Bethesda, MD, USA) guidelines for animal care and use. Mice were randomly divided into 6 groups. The control and dimethyl sulfoxide (DMSO) groups received normal saline and DMSO, respectively; rotenone groups were orally administered rotenone (10 mg/kg) for 6 wk, after which they received PLG (2 or 4 mg/kg) or 3, 4-dihydroxyphenyl-[l]{.smallcaps}-alanine([l]{.smallcaps}-dopa; 50 mg/kg) by the same route for 4 wk.

Reagents {#s0004-0002}
--------

Antibodies against the following proteins were used in the study: ACTB (1:5000; Sigma-Aldrich, A5060), BAX (1:1000; Cell Signaling Technology, 2772), BCL2 (1:1000; Cell Signaling Technology, 3498), phosphorylated (p-)BCL2 (Ser70) (1:1000; Cell Signaling Technology, 2827), BECN1 (1:1000; Cell Signaling Technology, 3495), IgG (1:1000; Sigma-Aldrich, I5006), p-MAPK8/JNK1 (1:1000; Cell Signaling Technology, 4668 \[we note that this antibody may react with phosphorylated MAPK1/3 and MAPK/p38\]), MAPK8/JNK1 (1:1000; Cell Signaling Technology, 3708 \[we note that this antibody may cross-react with MAPK9/JNK2\]), LC3B (1:1,000; Novus Biologicals, NB100-2220), NFE2L2/NRF2 (1:1000; Cell Signaling Technology, 12721), SQSTM1 (1:1000; Cell Signaling Technology, 5114), TH (1:1000; Sigma-Aldrich, T2928), and WIPI2 (1:1000; Cell Signaling Technology, 8567). Fluorophore-conjugated secondary antibodies, including m680 (LI-COR Biosciences, 926--68070), m800 (LI-COR Biosciences, 926--32210), R680 (LI-COR Biosciences, 926--68071), and m800 (LI-COR Biosciences, 926--32211), were used at 1:10,000 dilution. Other reagent includes ABT-199 (Selleck, S8048), BafA1 (Selleck, S1413), CoQ10 (Sigma-Aldrich, C9538), CsA (Selleck, S2286), [l]{.smallcaps}-dopa (Sigma-Aldrich, SML0091), paclitaxel (Selleck, S1150), phenacetin (Sigma-Aldrich, 77440), PLG(Sigma-Aldrich, SML0221), rotenone (Sigma-Aldrich, R8875), terfenadine (Sigma-Aldrich, T9652), rapamycin (Sigma-Aldrich, V900930) and warfarin (Sigma-Aldrich, UC213).

Rotarod test {#s0004-0003}
------------

The rotarod test was used to analyze motor functioning in mice as previously described.[@cit0041] Briefly, mice were trained once a day for 3 d with rotation speeds of 10, 12, and 15 rpm from d 1--3. The length of time that the mouse remained on the rod on the 3 occasions was averaged.

Pole test {#s0004-0004}
---------

The pole test was used to evaluate the degree of bradykinesia and was carried out as previously described.[@cit0042] Briefly, a mouse was placed at the top of a pole with a length of 50 cm and radius of 4 mm, and the time taken for the mouse to reach the ground was recorded over 3 trials and averaged.

Detection of plasma-brain distribution and plasma protein binding ratio {#s0004-0005}
-----------------------------------------------------------------------

Male C57BL mice (3 mo old; n = 21) were randomly divided into 7 groups (n = 3 each). Mice were administered PLG (4 mg/kg), and were sacrificed after 15 min, 30 min, or 1, 2, 4, 8, or 24 h. Blood and brain tissue samples were collected. After anticoagulation, blood samples were centrifuged at 5000 × *g* for 10 min to separate the plasma. Brain tissue samples were weighed, and 2 × normal saline was added followed by homogenization at high speed. Plasma and brain homogenates were used for analysis. The internal standard solution (200 μl) and 5 μl methanol were added to 50μl of plasma and brain tissue sample. The internal standard solution contained terfenadine (5 ng/ml) and methanol/acetonitrile (1:1, v/v). Samples were vortexed for 1 min and then centrifuged at 5000 × *g* for 10 min. The supernatant was collected and 10 μl of the supernatant were injected into the LC-MS/MS system (Shimadzu, Kyoto, Japan) and tandem Sciex API 4000 Qtrap mass spectrometer (Applied Biosystems, Concord, ON, Canada). Samples were separated with a mobile phase consisting of water (solvent A) and acetonitrile (solvent B); both solvents contained 0.1% formic acid. A Phenomenex Gemini C18 column (50 × 2.00 mm, 5 μm) was used at room temperature. Solvent gradients were 0.01--0.60 min with 10% B, 0.60--2.00 min with 10%--98% B, and 2.00--4.00 min with 10% B. The flow rate was 0.4 ml/min, and the injection volume was 10 μl. Plasma protein-binding ratio was determined by equilibrium dialysis, with phenacetin and warfarin (both at 1 μM) used as controls. The concentrations of PLG were 1 and 10 μM.

Immunohistochemistry {#s0004-0006}
--------------------

Immunohistochemistry was carried out as previously described.[@cit0043] Mice were anesthetized with 8% chloral hydrate and perfused with physiological saline followed by 4% paraformaldehyde. The brain was removed and dehydrated in 20% and 30% sucrose solution, then sectioned at a thickness of 20 μm. Sections were rinsed in phosphate-buffered saline (PBS; Origene, ZLI-9062) and then incubated in 3% H~2~O~2~ for 10 min to block endogenous peroxidase activity. After washing in PBS, sections were incubated in 10% goat serum (Cell Signaling Technology, 5425) followed by 0.1% TritonX-100 (Sigma-Aldrich, T9284) in PBS for 60 min, then incubated overnight at 4°C in anti-TH antibody. A biotinylated goat anti-mouse secondary antibody (Zhongshan Golden Bridge Biotechnology Co., PV9002) and diaminobenzidine (Zhongshan Golden Bridge Biotechnology Co., ZLI-9017) were used to detect immunoreactivity. A total of 20 consecutive sections were selected from each brain for examination. Unbiased stereology was used to estimate the number of dopaminergic neurons of each section at 40 × magnification using a DM5000B microscope (Leica Microsystems, Bannockburn, IL, USA) and Stereo Investigator software (MBF Bioscience, Williston, VT, USA). The total number of TH-positive neurons was generated with the optical fractionator probe. Five mice from each group were used for this measurement. The coefficient of error (Gundersen) for individual counts was consistently 0.05.

Measurement of dopamine levels by HPLC {#s0004-0007}
--------------------------------------

Striatum tissue was weighed and homogenized in 0.1 mol/l HClO~4~ and incubated on ice for 1 h, then centrifuged at 12,000 × *g* at 4°C for 20 min. The supernatant was mixed with the HPLC mobile phase consisting of 63.5 mM citric acid monohydrate, 60.9 mM trisodium citrate dehydrate, 0.1 M EDTA, and 0.5 M sodium 1-decanesulfonate (Sigma-Aldrich, V900327), pH 4.3 and injected into the HPLC column under analytical conditions. Data are expressed as pg dopamine per mg tissue.

Determination of mitochondrial complex I activity {#s0004-0008}
-------------------------------------------------

Mitochondrial complex I activity was measured using the Mitochondrial Complex I Activity Assay kit (Merck-Millipore, AAMT001-1KIT) according to the manufacturer\'s protocol. Cells and tissue were frozen and thawed 3 times as previously described[@cit0044] and protein concentration was measured with the Bicinchoninic Acid Protein Assay kit (Pierce Biotechnology, 23225). Cell and tissue lysates were incubated with complex I capture antibody for 3 h at room temperature, and complex I activity was determined by measuring the oxidation of nicotinamide adenine dinucleotide (NAD)H to NAD^+^, which was observed as a reduction in the dye and a corresponding increase in absorbance at 450 nm after 30 min. Each sample was tested in duplicate and activity is expressed as the change in absorbance per minute per amount of sample loaded in the well.

Measurement of CASP3 activity {#s0004-0009}
-----------------------------

CASP3 activity was assessed using the Caspase-3 Colorimetric Assay kit (Applygen Technologies, C1113) according to the manufacturer\'s instructions. Cell or tissue samples (5 mg) were homogenized and incubated in 120 μl lysis buffer on ice for 10 min, then centrifuged at 12,000 × *g* for 10 min at 4°C. The soluble fraction was transferred to a 1.5 ml tube, and protein concentration was determined with a Bradford assay kit (GenMed Scientifics, GMS30030.1).

Measurement of CASP9 activity {#s0004-0010}
-----------------------------

CASP9 activity was determined using the Caspase-9 Colorimetric Assay kit (GenMed Scientifics, C1119) based on spectrophotometric detection of the chromophore p-nitroanilide (pNA) after its cleavage from the labeled substrate LEHD-pNA. A 60 μl volume of cell lysis buffer was added to the cell pellet, which was vortexed and incubated on ice for 15 min, followed by centrifugation at 12,000 × *g* for 10 min at 4°C. Protein concentration was determined using a Bradford assay kit (Bio-Rad, 500-0006), and 50 μl protein were added to a 96-well plate along with 45 μl of reaction buffer and 5 μl of 2 mM LEHD-pNA (for a final concentration of 100 μM). After incubation at 37°C for 2 h, absorbance was read at 405 nm on a spectrophotometer. One unit of activity was defined as the amount of enzyme that cleaved 1.0 nmol of the pNA substrate per hour at 37°C under saturated substrate concentrations.

Cell viability and LDH assay {#s0004-0011}
----------------------------

Cell viability was determined with the MTT assay as previously described. Briefly, cells were seeded in a 96-well microplate (1 × 10^4^ cells/well) and cultured for 24 h. The medium was replaced by MTT (Sigma-Aldrich, M2128) at a final concentration of 0.5 mg/ml, followed by incubation for 4 h. Cells were washed twice with PBS and formazan crystals were dissolved in 100 μl DMSO. Absorbance was read at 490 nm with a microplate reader (PerkinElmer, Waltham, MA, USA).

The LDH assay was carried out using a cytotoxicity detection kit (Roche Diagnostics, 4744926001). LDH release was measured in a 100 μl aliquot of supernatant, with 100 μl preservation solution used as a blank to correct the optical density reading at 490 nm. Each sample was tested in triplicate, and the half-maximal effective concentration was averaged from 5 experiments.

mRFP-GFP-tagged LC3 {#s0004-0012}
-------------------

SK-N-SH cells and primary neurons were infected with a fluorescent mRFP-GFP-tagged LC3-expressing virus (Genechem, GPL2001A) according to the manufacturer\'s instructions. Cells in each group were infected for 72 h. GFP and mRFP expression was visualized with a confocal microscope (Leica Microsystems). Autophagic flux was determined by analyzing the punctate pattern of GFP and mRFP.

Immunofluorescence and confocal microscopy {#s0004-0013}
------------------------------------------

Primary rat cortical neurons were seeded on poly-[l]{.smallcaps}-lysine-coated dishes and cultured for 7 days. GFP-ZFYVE1 plasmid (provided by Yu Li, Tsinghua University), was transfected into neurons by electroporation. Neurons were treated with rotenone and PLG for 24 h, then fixed with 4% paraformaldehyde for 30 min, washed 3 times with PBS, and permeabilized with 0.3% TritonX-100 in PBS for 10 min at room temperature. After blocking with 10% normal goat serum for 1 h, neurons were incubated with rabbit anti-SQSTM1, -LC3, or -WIPI2 antibody overnight at 4°C followed by Alexa Fluor 594 (Invitrogen, A11037)-or Alexa Fluor488 (Invitrogen, A11034)-conjugated secondary antibody for 1 h at room temperature. Neurons were counterstained with DAPI (Sigma-Aldrich, D9542) and imaged with a confocal microscope (TCS SP8; Leica, Solms, Germany).

Mitochondria were labeled using MitoTracker Red dye (Invitrogen, M7512) according to the manufacturer\'s protocol. Briefly, SK-N-SH cells were seeded in 24-well plates. After 1 d, cells were treated with rotenone and PLG for 24 h, and then washed in PBS; MitoTracker Red was added at a concentration of 20 Nm followed by incubation for 15min at room temperature. Cells were imaged by confocal microscopy.

NFE2L2 knockdown {#s0004-0014}
----------------

Primary rat cortical neurons were seeded on poly-[l]{.smallcaps}-lysine-coated6-well plates and cultured for 7 d before transfection with Sh*NFE2L2*-766 (5'-CGCUCAGUUACAACUAGAUTT-3'), sh*NFE2L2*-934 (5'-CCCGUUUGUAGAUGACAAUTT-3'), sh*NFE2L2*-1345 (5'-CCAGUUGACAGUGAACUCATT-3'), and sh*NRF2L2* vectors (5'-UUCUCCGAACGUGUCACGUTT-3') (Genepharma, 58067--58069) by electroporation. Neurons were treated with rotenone and PLG for 24 h, and then analyzed by western blotting.

TUNEL assay {#s0004-0015}
-----------

Apoptosis of SK-N-SH cells and primary neurons were evaluated by the TUNEL assay (Roche Diagnostics, 11772465001) according to the manufacturer\'s protocol. Briefly, cells were cultured in dishes on cover slips coated with 100 mg/ml poly-[l]{.smallcaps}-lysine. After treatment, cells were fixed with 4% paraformaldehyde for 30 min, then washed 3 times with PBS before treatment with 2 μM proteinase K for 5 min for permeabilization. After 3 washes, cells were incubated with the TUNEL reaction mixture at 37°C for 60 min, and washed 3 times with PBS at room temperature; nuclei were then stained with DAPI for 5 min. Samples were visualized using a confocal microscope (Leica Micro systems).

PI-Hoechst staining {#s0004-0016}
-------------------

Apoptotic cells were identified by labeling with PI (4 µM; Sigma-Aldrich, P4170) and Hoechst 33432 (0.5 μg/ml; Sigma-Aldrich, B2261) for 10 min at 37°C. PI-positive cells were counted under an epifluorescence microscope at excitation and emission wavelengths of 535 and 615 nm, respectively. Images were acquired by high-content analysis to evaluate changes in the PI signal.

ANXA5-FITC-PI detection {#s0004-0017}
-----------------------

Apoptosis of rat primary neurons was detected with the Annexin V-FITC Apoptosis Detection kit (Invitrogen, BMS500FI/300) according to the manufacturer\'s protocol. Briefly, SK-N-SH cells were seeded in 24-well plates. The following day, cells were treated with rotenone and PLG for 24 h, then washed with PBS and resuspended in 200 µl binding buffer (1 ×). Cell density should be 2--5 × 10^5^/ml. A 5 µl volume of ANXA5-FITC was added to 195 µl of cell suspension, which was incubated for 10 min at room temperature. Cells were washed in 200 µl binding buffer (1 ×) and resuspended in 190 µl binding buffer (1 ×); 10 µl of PI (20 µg/ml) were added, and cells were analyzed on a FACS Aria flow cytometer (Becton-Dickinson, San Jose, CA, USA).

JC-1 staining {#s0004-0018}
-------------

The MMP of cells was measured using JC-1 (Sigma-Aldrich, T4069), a dual-emission membrane potential-sensitive probe that exists as a green fluorescent monomer at a low MMP and forms aggregates with red/orange fluorescence at a high MMP. Cells cultured in 24-well plates were washed twice with PBS, and JC-1 (1.3 μg/ml) was added for 30 min at 37°C. The change in fluorescence at 488/530 nm (green) and 549/595 nm (red) was monitored by high-content screening, and the ratio of green to red fluorescence intensity was determined.

Evaluation of mPTP activation with calcein-AM {#s0004-0019}
---------------------------------------------

Cells were grown in a 24-well plate and mPTP activation was determined by monitoring calcein-AM fluorescence using the MitoProbe Transition Pore Assay kit (Invitrogen, M34153) according to the recommended protocol. Briefly, cells were incubated with calcein-AM and CoCl~2~ with or without ionomycin in Hanks balanced salt solution with Ca^2+^ (Sigma-Aldrich, H1641) at 37°C for 15 min while under protection from light. After 2 washes with Hanks balanced salt solution with Ca^2+^, calcein-AM fluorescence was detected by high-content screening at 488/530 nm.

Co-immunoprecipitation {#s0004-0020}
----------------------

Cell extract (100 μg) was pre-cleared with protein-G agarose (Sigma-Aldrich, P7700), then incubated at 4°C overnight with anti-BECN1, -BCL2, or -BAX antibody with constant rotation. Protein G-sepharose beads (30 μl/tube; Sigma-Aldrich, P3296) were prewashed 3 times in immunoprecipitation buffer composed of 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100 for 15 min and then incubated at 4°C for 6 h with the protein/antibody mixture with constant rotation. The precipitant was collected by centrifugation at 10,000 × *g* for 1 min and washed 3 times with immunoprecipitation buffer to remove nonspecifically bound proteins. The washed beads were resuspended in sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) loading buffer (30 μl/tube) and heated at 95°C for 5 min. Beads were removed by centrifugation at 10,000 × *g* for 1 min and the supernatant was analyzed by SDS-PAGE and western blotting.

Western blotting {#s0004-0021}
----------------

Western blotting was carried out as previously described.[@cit0045] Cells or tissue were lysed on ice for 30 min in buffer containing 1% Nonidet P-40 (Sigma-Aldrich, 74385), 150 mM NaCl, 0.5% deoxycholic acid (Sigma-Aldrich, D2510), 50 mM Tris-HCl, pH7.4, 0.1% SDS (Sigma-Aldrich, L5750), and protease and phosphatase inhibitors (Roche Diagnostics, 04693132001 and 4906837001). Cell extracts were centrifuged at 12,000 × *g* for 30 min at 4°C, and the supernatant was resolved by 12%--15% Bis-Tris SDS-PAGE and transferred to polyvinylidene difluoride membranes that were probed overnight at 4°C for TH, BECN1, BCL2, p-BCL2 (Ser70), BAX, LC3, SQSTM1 and ACTB expression. Membranes were incubated with secondary antibody and protein bands were visualized by enhanced chemiluminescence and quantified using ImageJ software (NIH).

Primary neuronal culture {#s0004-0022}
------------------------

All experiments were authorized by the Institutional Animal Care and Use Committee of Capital Medical University of Science and Technology (approval no. SCXK-2011--004) and were carried out according to the NIH Guide for the Care and Use of Laboratory Animals. Surgeries were performed under chloral hydrate anesthesia. Primary neurons were prepared from brains of Sprague-Dawley rat embryos (d 14.5--15.5). Dissociated neurons were cultured in 6- or 24-well plates on cover slips coated with 0.1 mg/ml poly-[l]{.smallcaps}-lysine (Sigma-Aldrich, P1524) in Neurobasal medium (Gibco, 21103--049) supplemented with [l]{.smallcaps}-glutamine (0.5 mM) and 50 × B27 supplement (Gibco, 17504--044) for a final concentration of 1 ×. Primary neurons were treated with rotenone after 7 d of culture.

Statistical analysis {#s0004-0023}
--------------------

Western blots were analyzed as previously described.[@cit0046] Relative optical density values for bands corresponding to TH, SQSTM1, and NFE2L2 were normalized to the value for ACTB, whereas the phospho-BCL2 level was normalized to that of BCL2. The normalized ratio for the control group was taken as 1. For CASP3 and CASP9 activities, cell viability, and LDH assays, values for the control group were taken as 1. Statistical analysis was carried out using Prism 5 software (GraphPad Inc., La Jolla, CA, USA). Results are presented as mean ± SD of at least 3 independent experiments. Differences between groups were evaluated by analysis of variance, and were considered significant at P\< 0.05.
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